Relationships are unclear between polymorphisms in genes involved in metabolism and detoxification of various chemicals and papillary thyroid cancer (PTC) risk as well as their potential modification by alcohol or tobacco intake. We evaluated associations between 1647 tagging single nucleotide polymorphisms (SNPs) in 132 candidate genes/regions involved in metabolism of exogenous and endogenous compounds (Phase I/II, oxidative stress, and metal binding pathways) and PTC risk in 344 PTC cases and 452 controls. For 15 selected regions and their respective SNPs, we also assessed interaction with alcohol and tobacco use. Logistic regression models were used to evaluate the main effect of SNPs (P trend ) and interaction with alcohol/tobacco intake. Gene-and pathway-level associations and interactions (P gene interaction ) were evaluated by combining P trend values using the adaptive rank-truncated product method. While we found associations between PTC risk and nine SNPs (P trend %0.01) and seven genes/regions (P region !0.05), none remained significant after correction for the false discovery rate. We found a significant interaction between UGT2B7 and NAT1 genes and alcohol intake (P gene interaction Z0.01 and 0.02 respectively) and between the CYP26B1 gene and tobacco intake (P gene interaction Z0.02). Our results are suggestive of interaction between the genetic polymorphisms in several detoxification genes and alcohol or tobacco intake on risk of PTC. Larger studies with improved exposure assessment should address potential modification of PTC risk by alcohol and tobacco intake to confirm or refute our findings.
Introduction
Cigarette smoking and alcohol drinking have been associated with decreased risk of thyroid cancer (Rossing et al. 2000 , Mack et al. 2003 , Guignard et al. 2007 , Meinhold et al. 2009 . These observations lend support to environmental compounds or their metabolites playing a role in the etiology of thyroid cancer, of which the primary histological type is papillary thyroid cancer (PTC), accounting for 80% of the thyroid cancer diagnoses in the USA (Howlader et al. 2011) . Unknown is the effect of genetic variation in genes whose protein products are involved in metabolism or detoxification of these compounds and whether this variation modifies the exogenous compounds-related risk of PTC. Only two genes (FOXE1 and NKX2-1) have been identified in a genome-wide association study (GWAS) of sporadic thyroid cancer (Gudmundsson et al. 2009 ) with corroborating evidence for FOXE1 in another GWAS of radiation-related thyroid cancer following the Chernobyl accident (Takahashi et al. 2010) . FOXE1 corresponds to thyroid transcription factor 2 (TTF2) and NKX2-1 to TTF1 both of which are involved in regulating thyroid hormone synthesis and embryonic development of the thyroid gland (De Felice & Di Lauro 2004) . Polymorphic variation in genes associated with low circulating TSH levels and increased thyroid cancer risk supports the role of thyroid hormones in relation to risk of PTC (Gudmundsson et al. 2012) . Using a candidate gene approach, genes involved in detoxification have been associated with thyroid cancer, including CYP1A1 (Siraj et al. 2008) , CYP2D6 (Lemos et al. 2007) , GSTM1 (Lemos et al. 2008) , GSTT1 (Lemos et al. 2008 , Siraj et al. 2008 , and NAT2 (Hernández et al. 2008 , Lemos et al. 2008 , Guilhen et al. 2009 ). Thus, there is some evidence of associations for thyroid cancer with polymorphisms in genes related to thyroid hormone metabolism and detoxification enzymes, but the prior studies were limited by a small number of cases, and most did not examine gene-environment interactions (Landa & Robledo 2011) .
To identify promising susceptibility regions associated with risk of PTC among genes whose enzyme functions act to conjugate a variety of hormones and chemicals, we adopted a candidate gene approach and used a genotyping platform developed for the purpose of analyzing the risk of several rare cancers. Here, we evaluated the main effects of 1647 single nucleotide polymorphisms (SNPs) in 132 candidate genes/regions involved in metabolism of exogenous and endogenous compounds as well as the interaction of 15 a priori selected detoxifying genes and their respective SNPs with alcohol and tobacco use. The aim of the investigation of these genes in light of exposure to alcohol or tobacco was to obtain additional insight into the etiology of PTC.
Materials and methods

Study population
This study was nested within a National Cancer Institute (NCI)-sponsored cohort study of U.S. Radiologic Technologists (USRT) and additionally included consecutively recruited PTC cases from the University of Texas M.D. Anderson Cancer Center (UTMDACC). Both studies were reviewed and approved by their respective Institutional Review Boards and all subjects provided informed consent.
Details of the USRT cohort study design (Sigurdson et al. 2003) and selection of the USRT cases and controls for previous candidate SNP analyses of PTC (Lönn et al. 2007) were published previously. Briefly, the USRT study was initiated in 1984 and included 146 022 radiologic technologists (73% female) nationwide who were certified for at least 2 years by the American Registry of Radiologic Technologists between 1926 and 1982. Three questionnaires were administered (1983-1989, 1994-1998, and 2003-2005) to collect information on health outcomes (including reports of thyroid cancer), demographic characteristics, medical history, work practices, and other environmental risk factors. Participant response to questionnaires has consistently been w70%. Thyroid cancer cases reported on any of the three questionnaires were recruited for blood collection. In 2005 there were 415 living thyroid cancer cases eligible for recruitment and, of these, 232 donated blood for analysis (55.9%). The 491 controls used in this effort were the same as the controls used for our previous thyroid cancer study (Lönn et al. 2007) . Also, included in the case group were 243 histologically confirmed thyroid cancer cases from the UTMDACC who presented for care between 1999 and 2005 at the Head and Neck Surgery Clinic and underwent subsequent surgery (Ho et al. 2009 ). Cases from the two studies were comparable with respect to average age at diagnosis, tumor size, smoking status, and alcohol intake.
Data collection and harmonization
Data concerning demographics, health history, family history of cancer, and other risk factors were collected by self-administered mailed questionnaires or telephone interview in the USRT study and by a selfadministered questionnaire at the time of blood collection in the UTMDACC study. Variables defined similarly in both studies were race and histological type of thyroid cancer. Other analysis variables were harmonized to be comparable across the two studies (cigarette smoking, alcohol consumption, prior exposure to therapeutic radiation, and family history of any cancer or specifically of thyroid cancer). Controls were frequency matched to cases on year of birth (G2 years). A control for a specific case was randomly selected from strata defined by gender and year of birth. If no control could be found for a specific case, then matching on gender and year of birth was B Aschebrook-Kilfoy et al.: Genetic variants and thyroid cancer www.endocrinology-journals.org relaxed (in that order). To enable time-appropriate partitioning of specific exposures (such as cigarette smoking), we assigned a referent age to each control that corresponded to the matched case's age at diagnosis. The algorithm was repeated until referent age was assigned to every control. All exposures in controls were truncated at the assigned referent age.
Tobacco use was categorized as ever or never smoked more than 100 cigarettes (throughout lifetime). Alcohol use was categorized as ever or never consumed at least one drink per week. These variables were explored as potential covariates and also as factors that could modify the relationship between polymorphisms in specific genes and the risk of thyroid cancer.
Laboratory methods
DNA extraction
In the USRT study, venipuncture whole blood samples were shipped with a temperature stabilizing pack overnight to the processing laboratory in Frederick, MD. At UTMDACC, venipuncture whole blood samples were collected and processed in the clinic. Both studies extracted DNA from peripheral blood leukocytes using Qiagen Mini kits (Qiagen, Inc.) according to the manufacturer's instructions.
Genotyping
This study is based on a subset of 1647 tagging SNPs in 132 genes/regions involved in pathways related to detoxification of xenobiotic substances and metabolism of hormones from among 27 904 SNPs genotyped for studies of thyroid and other cancers. Genotyping of all 27 904 SNPs including tagging SNPs in 1316 candidate genes and their surrounding regions (within 20 kb 5 0 of the start of transcription at the first exon and 10 kb 3 0 of the last exon) and intergenic SNPs for both studies was performed at the NCI Core Genotyping Facility (Advanced Technology Center, Gaithersburg, MD, USA; http://cgf.nci.nih. gov/) using the custom-designed iSelect Infinium assay (Illumina, www.illumna.com). Tagging SNPs were selected for target gene regions from the common SNPs (minor allele frequency, MAF O5%) genotyped by the HapMap Project (Data Release 20/Phase II, NCBI Build 36.1, assembly dbSNPb126) in the Caucasian population (CEU) using TagZilla, which is part of the GLU software package (http://code.google. com/p/glu-genetics/) that was based on the pairwise binning method of Carlson et al. (2004) with a threshold r 2 O0.8. Selection of gene regions of a priori interest was performed before genotyping.
Quality control
Out of 27 904 SNPs included in the genotyping platform, 722 failed genotyping (no amplification or clustering) and 208 had monoallelic calls and were excluded from analysis. In addition, SNPs with !90% completion (nZ740) or !95% concordance (nZ656) among the 48 randomly inserted quality control replicates that ranged in size from six to 12 samples per individual were also excluded. We further excluded 740 SNPs that failed the test for Hardy-Weinberg equilibrium (P!0.00001). Of the 947 study participants with DNA specimens (nZ232 USRT cases, nZ223 UTMDACC cases, nZ492 USRT controls), we excluded subjects if their samples were not assayed (nZ4), failed genotyping (nZ18), or had !90% completion (nZ15).
Final set of tagging SNPs, pathways, and analytic population Following quality control-related exclusions, we excluded an additional 1607 intergenic SNPs implicated in the etiology of cancers other than thyroid and selected by other iSelect investigators plus 5706 tag SNPs with the MAF !10% or the lowest achievable significance level computed from the marginal totals O10 K30 (Tarone 1990) . After all exclusions, there were 17 525 tag SNPs in 1129 genes/regions available for analysis of which 1647 SNPs in the 132 genes/ regions are involved in pathways related to the detoxification of xenobiotic substances and the metabolism of thyroid hormones and are the subject of current analysis. The candidate gene regions were subdivided into four a priori defined pathways (Phase I metabolism, Phase II metabolism, oxidative stress, and metal binding) based on evidence of biological and/or functional relatedness of the genes obtained from various publically available databases (GeneCards, in http://www-bimas.cit.nih.gov/cards//2009). When assigning gene regions with a broad range of known functions, we allowed for allocation to multiple pathways. A complete list of all candidate gene regions and their pathway allocation is available in Supplementary Table 1 , see section on supplementary data given at the end of this article.
To minimize potential for population stratification and phenotypic heterogeneity of thyroid cancer cases, we also excluded individuals with non-European ancestry (nZ97) and cases with follicular thyroid cancer (nZ17), leaving 344 PTC cancer cases (nZ202 USRT and nZ142 UTMDACC) and 452 controls of European ancestry with validated genotyping results in the analysis. Allele frequencies for PTC cases of European ancestry were largely similar between the USRT and the UTMDACC study sites and between males and females, so these groups were combined for genetic analyses.
Statistical analysis
SNP-based analyses
Logistic regression models were used to estimate odds ratios (OR) and to compute 95% confidence intervals (CI) for the association of PTC risk with each SNP genotype, coded as 0, 1, 2, with 0 denoting the homozygous common allele as the referent category. We calculated the linear P trend for SNP genotype as an ordinal variable in unadjusted models and models adjusted for gender, age in categories (!35, 35-44, 45-54, 55C) , and year of birth (!1940, 1940-1949, 1950C) as an ordinal variable. The results of adjusted and unadjusted models were essentially similar and we chose to present the results from adjusted models throughout the article. We corrected for multiple comparisons by controlling the false discovery rate (FDR; Benjamini & Hochberg 1995) .
Gene/region-and pathway-based analyses
We combined SNP-specific P values of linear trend within the same gene region (P region ) using an adaptive rank-truncated product (ARTP) method (Yu et al. 2009 ). Next, we also combined gene region-level P values into the P values associated with the four pathways (P pathway ). We finally evaluated the significance of our overall group of 132 genes combining all gene/region-level-based P values into one (P overall ).
Interaction with alcohol and tobacco intake analyses
The genes/regions of interest and their respective SNPs included in the interaction analyses were selected among the top genes that emerged in the analysis of main effects and genes with epidemiological evidence of interaction with alcohol or tobacco intake in other studies of cancer risk. The 15 final regions selected for interaction analyses were GSTP1, GSTT2, DHRS9, FMO3, GSTT1, NAT1, UGT2B7, CYP8B1, MTF2, GSTM4/GSTM2/GSTM1/GSTM5/GSTM3, CYP2E1, NQO1, NAT2, SOD1, and CYP26B1. In the analysis of interaction between genotype and alcohol or tobacco use, the P value of multiplicative interaction (P SNP-interaction ) was calculated with the SNP genotype coded as 0, 1, 2 and alcohol or tobacco use coded as 0, 1 (never vs ever). The P SNP-interaction was determined based on the likelihood ratio test comparing logistic models with and without the interaction term. The interaction at the gene/region level was determined by combining SNP-specific interaction P values within the same gene region using the ARTP method (Yu et al. 2009 ) which accounts for the linkage disequilibrium (LD) structure among SNPs via a permutation procedure.
All analyses were conducted using SAS version 9.1 (SAS Institute, Cary, NC, USA).
Results
Characteristics of the study population are presented in Table 1 . A greater proportion of controls consisted of females (93.6%) compared to cases (79.7% female). This is largely because controls were originally selected from the predominately female USRT cohort to match the USRT cases and later were employed for the UTMDACC cases. More controls than cases were current smokers (25.2 vs 14.0% respectively) and slightly more controls than cases were drinkers (49.3 vs 46.1% respectively). The OR for ever vs never smoking was 0.78 (95% CI: 0.58-1.06) and the OR for ever vs never drinking was 0.79 (95% CI: 0.59-1.08) (data not shown). More controls than cases reported a family history of cancer (61.4 vs 47.7% respectively); whereas more cases than controls reported a family history of thyroid cancer (4.4 vs 1.3% respectively). The mean body mass index was higher among cases (26.1 kg/m 2 ) than controls (24.4 kg/m 2 ).
SNP-based associations
We found associations between PTC risk (P trend %0.01) and nine SNPs distributed across seven genes/regions (Table 2 ; a complete list of all P trend values is available in Supplemental Table 2 ). After correction for multiple comparisons, none of the associations remained significant.
Gene/region-based associations
Seven of the combined genes/regions were associated with PTC risk at the P region !0.05 level. These included SOD1 (P region Z0.003), CYP8B1 (P region Z0.003), UGT2B7 (P region Z0.006), MTF2 (P region Z0.009), GSTT1 (P region Z0.025), DHRS9 (P region Z0.025), and FMO3 (P region Z0.032). A complete list of all P region values is available in Supplemental Table 3 .
Pathway-based associations
We found that the Phase I (P pathway Z0.19), Phase II (P pathway Z0.29), oxidative stress (P pathway Z0.17), and metal binding (P pathway Z0.26) pathways were not significantly associated with PTC risk, neither was the detoxification pathway as a whole (P overall Z0.13) (Supplemental Table 1 ).
Interaction with alcohol and tobacco use
Among 15 genes/regions included in the interaction analyses, we identified significant interactions between UGT2B7 and NAT1 and alcohol use (P gene-interaction Z0.01 and 0.02 respectively). At the individual SNP level, the observed interaction with the UGT2B7 region was primarily due to significant interaction between rs3924194 and alcohol use (Table 3) . In never-drinkers, the risk of PTC with rs3924194 was significantly decreased whereas in ever-drinkers the association with rs3924194 was close to null. For the NAT1 region, two SNPs (rs11777998 and rs9650592) had evidence of significant interaction with alcohol intake (Table 3) . In both instances, the trends with genotypes in never-drinkers tended to go in the opposite direction compared to ever-drinkers (i.e. decreased in never-drinkers, increased in ever-drinkers).
We also found significant interaction between polymorphisms in CYP26B1 and cigarette smoking (P gene-interaction Z0.02) which was attributed to interaction with three SNPs (rs975612, rs11681809, and rs194243; Table 3 ). Two of these (rs975612 and rs194243) were significantly associated with risk of PTC among nonsmokers and had opposing nonsignificant trends in smokers.
Discussion
Our findings provide support for the hypothesis that polymorphisms in detoxification enzymes jointly with smoking or alcohol intake might be related to risk of PTC. While we found that none of our SNP or gene region level associations withstood FDR correction, we found evidence of a significant interaction between UGT2B7 and NAT1 genes and alcohol intake and between the CYP26B1 gene and cigarette smoking.
Case-control studies from throughout the world have almost uniformly found that cigarette smoking is associated with a decreased risk for thyroid carcinoma. This inverse relationship was most pronounced for comparison of current smokers with never smokers (ORZ0.6; 95% CI 0.6-0.7) (Mack et al. 2003) . Alcohol consumption has also been associated with a decreased risk of thyroid carcinoma in several studies; however, it remains unclear if the effect of alcohol is independent of smoking as both are often correlated (Mack et al. 2003) . Consistent with existing evidence, we found in the present study that smoking was associated with significantly decreased risk and alcohol intake was associated with nonsignificantly decreased risk of PTC. The uniformity in magnitude and direction of the estimates supports the physiologic relevance of Only cases from the UTMDACC Head and Neck Clinic were available for study. a Index age for controls was assigned based on a diagnosis age for cases as defined in the text. Index age was used to assign exposures to controls as was done for cases before their diagnosis age. As of diagnosis age in cases and index age in controls. (2012) 19 333-344 www.endocrinology-journals.org the associations. Both smoking and alcohol use have been shown to increase thyroid hormone metabolism and decrease serum thyroid hormone levels in animals and humans (Barter & Klaassen 1994 , Liu et al. 1995 , Hood et al. 1999 , Klaassen & Hood 2001 ) with a resultant increase in TSH.
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Less consistent data are available with respect to genetic polymorphisms in genes involved in metabolism and detoxification of various compounds and risk of PTC. In previous reports on polymorphisms in Phase I enzymes, an increased risk of PTC was observed for CYP1A1 (ORZ1.91; 95% CI: 1.36-2.70, P trend !0.001) (Siraj et al. 2008 ) and CYP2D6 genes (Lemos et al. 2007) ; and an increased risk of PTC was also observed for polymorphisms from Phase II enzymes including GSTT1 (ORZ3.48; 95% CI: 2.48-4.88, P trend !0.001) (Gudmundsson et al. 2012) , whereas a decreased risk was observed for GSTM1 (ORZ0.72; 95% CI: 0.52-0.99, P trend !0.001) in the study by Siraj et al. (2008) as well as for both GSTM1 and GSTT1 (ORZ0.83; 95% CI: 0.56-1.21; PZ0.328; and ORZ0.66; 95% CI: 0.39-1.12; PZ0.123 respectively) in the study by Lemos et al. (2007) . We found several associations with Phase I (CYP8B1, FMO3) and Phase II (UGT2B7, GSTT1) genes for PTC risk, although none of these remained significant after FDR correction. We also expected to see an association with the DIO1 gene given its role in the regulation of the bioavailability of thyroid hormones and previous reported associations for thyroid cancer with SNPs in genes regulating metabolism of thyroid hormones (Panicker et al. 2008 , Gudmundsson et al. 2009 . However, we observed only a borderline Table 3 The risk of thyroid cancer for SNPs in genes coding UGT2B7, NAT1, and CYP26B1 overall and the interaction with alcohol and tobacco use www.endocrinology-journals.org Table 3 continued Table 3 continued Logistic regression models adjusted for gender, attained age, and year of birth.
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www.endocrinology-journals.org trend for the SNP rs223554 in DIO1 (P trend Z0.07) and no association for the DIO gene/region as a whole. The importance of evaluating joint effects of metabolic polymorphisms and environmental exposures is underscored by the well-established interaction between NAT1 and NAT2 acetylation status and smoking for other cancer sites (Sanderson et al. 2007 , Hein et al. 2009 ). We found significant interactions between UGT2B7, NAT1 polymorphisms and alcohol intake, and CYP26B1 polymorphisms, and smoking. As interactions were exposure specific, it seems unlikely that they were due to correlation between alcohol and smoking intake. Moreover, additional adjustment for smoking use while analyzing interaction with alcohol use and vice versa had no meaningful effect on the observed joint effects. As expected, the interaction findings at SNP level were consistent with these at the gene level. While analyses at the individual SNP level might provide useful insights on underlying mechanism behind interactions, these are challenging to interpret because we relied on tagging SNPs chosen to assure high coverage of the region under investigation irrespective of their phenotypic effects. In fact, all the SNPs for which we found significant interaction with smoking or alcohol use were intronic and their functional relevance remains unknown. On the other hand, interaction analyses at the gene level, while less revealing, take into account the LD structure among the SNPs via the permutation procedure we used and suggest potential importance for the region as a whole.
Several issues merit further consideration. Our study had high participation rates minimizing potential for selection bias. Because survival rates for PTC are exceptionally high, survival bias is unlikely. To minimize concerns about population stratification, all analyses were limited to individuals of European ancestry. Moreover, cases from the two studies were similar with regard to age at diagnosis, smoking status, tumor size, and allele frequencies. Other strengths of our study include thorough gene selection and dense gene coverage for genes related to a variety of detoxification pathways. Because thyroid cancer is a rare disease, most genetic studies of thyroid cancer are limited by sample size. By comparison, our study is relatively large with 344 cases. Nevertheless, our study had limited power to detect weak associations especially for less common genetic variants and interactions with alcohol and cigarette smoking. Another limitation is the use of tagging SNPs that are themselves unlikely to be the disease-related SNPs but are assumed to be in LD with the causal variant. To address these limitations, we excluded SNPs with MAF !10% and relied on robust gene/pathway ARTP methods combining SNP-specific P values of trend to confirm main associations with risk of PTC and interactions. While we used data on alcohol and smoking intake to explore interactions with genetic polymorphisms, these were categorized into ever/never categories and we were unable to conduct more powerful dose-response analyses for heavy drinkers/ smokers compared to light drinkers/smokers. Although we acknowledge that the use of a smoking measure that incorporates intensity may be more informative, the data were sparse and it was difficult to evaluate smoking intensity by genotype in a meaningful way. We applied conservative multiple comparison corrections, but we cannot exclude the possibility of false positive (or false negative) findings. Additional studies with increased power and improved exposure assessment including GWAS are warranted to confirm and substantiate our findings.
In summary, our results suggest an interaction between genetic polymorphisms in several detoxification enzymes and alcohol and tobacco intake on risk of PTC. Additional studies with detailed information on substance intake and increased power to evaluate gene-environment interactions should be pursued to clarify the complex relationship between genes, environment, and thyroid cancer risk.
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